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The role of posterior parietal cortex (PPC) in various forms of memory is a current topic
of interest in the broader field of cognitive neuroscience. This large cortical region has
been linked with a wide range of mnemonic functions affecting each stage of memory
processing: encoding, maintenance, and retrieval. Yet, the precise role of the PPC in
memory remains mysterious and controversial. Progress in understanding PPC function
will require researchers to incorporate findings in a convergent manner from multiple
experimental techniques rather than emphasizing a particular type of data. To facilitate
this process, here, we review findings from the human neuropsychological research and
examine the consequences to memory following PPC damage. Recent patient-based
research findings have investigated two typically disconnected fields: working memory
(WM) and episodic memory. The findings from patient participants with unilateral and
bilateral PPC lesions performing diverse experimental paradigms are summarized. These
findings are then related to findings from other techniques including neurostimulation
(TMS and tDCS) and the influential and more abundant functional neuroimaging literature.
We then review the strengths and weaknesses of hypotheses proposed to account for
PPC function in these forms of memory. Finally, we address what missing evidence is
needed to clarify the role(s) of the PPC in memory.
Keywords: parietal lobe, parietal lesion, working memory, episodic memory, autobiographical memory, short-term
memory, neuropsychology, source memory
Several years ago the posterior parietal cortex (PPC) stepped into
the spotlight as an area of interest in cognitive neuroscience.
Traditionally, vague terms such as “association cortex” were used
to describe the multiple functions of the PPC. Association cor-
tex referred to the intermediate stage of processing in between
primary sensory cortices and frontal areas involved in executive
function. The PPC covers a large territory and includes a number
of distinct cortical regions including the superior parietal lobule
(SPL, BA 7) and the inferior parietal lobule (IPL, BA 39, 40),
which includes the angular and supramarginal gyri. Apart from
these gross distinctions others propose more detailed parietal
parcellations based on analyses of functional and structural con-
nectivity (e.g., Nelson et al., 2010; Uddin et al., 2010; Caspers
et al., 2012). Portions of the PPC have been associated with a
wide-ranging array of cognitive roles including spatial or selec-
tive attention (especially right IPL, reviewed in Chambers and
Mattingley, 2005; Husain and Nachev, 2007; Driver et al., 2010;
Corbetta and Shulman, 2011), stimulus selection (reviewed in
Corbetta and Shulman, 2002), navigation (reviewed in Berthoz,
1997; Postma et al., 2008), visual perception (especially left SPL,
IPL: reviewed in Landis, 2000; Berman and Colby, 2009; Pisella
et al., 2009), action planning and control (anterior intraparietal
sulcus, IPL, SPL; reviewed in Glover, 2004; Tunik et al., 2007; Jax
and Coslett, 2009), tool use (IPL: reviewed in Frey, 2008; Arbib
et al., 2009), reorienting (IPL: reviewed in Maurizio Corbetta
et al., 2008), executive function (SPL, IPL: for a meta-analysis see
Niendam et al., 2012), and even general intelligence (SPL, IPL:
Gläscher et al., 2010). Clearly, regions of the PPC were consid-
ered important for many aspects of cognition, but it had not been
linked to memory.
The era of functional magnetic neuroimaging (fMRI) created
an opportunity to revisit assumptions regarding brain structure-
function links. Of relevance here was the unexpected number
of reports in the episodic memory literature that identified PPC
activations during memory tasks. In a seminal review paper,
Wagner and colleagues reviewed these fMRI findings and pre-
sented three plausible roles for PPC involvement in episodic
memory (Wagner et al., 2005). The three proposals attention to
internal representations, output buffer, and mnemonic accumu-
lator are discussed below. This paper prompted a surge of interest
in the PPC/memory relationship as evidenced by 350+ citations
since publication.
Thus, research proposing PPC involvement in memory is rel-
atively recent and for many it comes with a large grain of salt.
This is in part because neuropsychological patients with PPC
damage do not have predominant memory deficits. Instead these
patients present with primarily spatial and attentional problems.
The complete list of symptoms associated with PPC lesions is
highly varied. Damage to the left IPL (angular gyrus) can lead
to Gerstmann’s syndrome (finger agnosia, left-right confusion,
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dyscalculia, dysgraphia), whereas right IPL damage often pro-
duces hemispatial neglect, and bilateral IPL damage can result in
Balint’s syndrome (optic ataxia, optic apraxia, simultanagnosia).
It is important to acknowledge one of the caveats of neuropsy-
chological studies is that the lesions themselves do not obey the
boundaries between different functional regions within the PPC.
This is largely due to the broad vascular territory of the middle
cerebral artery over the lateral PPC. Infarcts of the middle cerebral
artery reliably damage multiple regions in the PPC. Furthermore,
even small lesions may cause damage to neighboring structures
in and connected to the lesion site. Therefore it is difficult to find
patients with damage isolated to structures solely within the IPL
or the SPL. It is also true that researchers do not always have access
to clear brain scans and they may not be able to report detailed
lesion locations. Consequently, because of this lack of specificity,
the more general term PPC is used with regard to patients’ lesions
unless otherwise noted.
Caveats aside, recent findings suggesting that the predom-
inant symptoms occurring after PPC damage might obscure
nuanced memory deficits. This has prompted researchers to
revisit this question. Below, I briefly review neuropsychological
research investigating episodic memory performance in peo-
ple with PPC lesions; see Table 1. The subsequent section will
summarize investigations of working memory (WM). Although
episodic and WM are generally addressed separately, they are
both included here because both literatures are relatively small,
and often patient participants are tested in both domains. More
importantly, there is evidence to suggest that both episodic and
WM cross-contaminate tasks devoted ostensibly to one or the
other (Cowan, 2008). In other words, you often get both episodic
and WM contributing to task performance.
This paper updates an earlier review on a similar topic (Olson
and Berryhill, 2009) and complements reviews considering PPC
activations in episodic memory tasks (Wagner et al., 2005; Rugg
and Curran, 2007; Cabeza, 2008; Cabeza et al., 2008; Vilberg and
Rugg, 2008; Hutchinson et al., 2009; Uncapher andWagner, 2009;
Shimamura, 2011) and the conflict between the MRI and patient
literatures (Schoo et al., 2011).
NEUROIMAGING IDENTIFIES PPC ACTIVATIONS DURING
EPISODIC MEMORY
This brief paragraph serves to highlight several observations from
neuroimaging data that prompted neuropsychological inves-
tigations of episodic memory in people with PPC lesions.
Neuroimaging studies first noted that memory tasks reliably
elicited PPC activations (e.g., Wojciulik and Kanwisher, 1999;
Culham and Kanwisher, 2001). One characteristic pattern of
PPC activation in memory studies is known as the parietal
old/new effect. This refers to increased activity in the lateral
PPC when a participant performing a recognition memory test
endorses a stimulus as previously encountered (“old”) compared
to when the participant rejects a stimulus as novel (“new”),
even if their response was incorrect (Kahn et al., 2004; Wheeler
and Buckner, 2004; Rugg and Curran, 2007; Kim, 2011). The
parietal old/new effect is complemented by a second confidence-
related pattern in the PPC. Two dissociable regions respond
more robustly to high (inferior IPL) or low (superior IPL)
response confidence, again regardless of response accuracy (Kim
and Cabeza, 2007, 2009). In both examples, the neural activity
in the PPC corresponds to the participant’s subjective experi-
ence of memory. Other PPC activations reflect response accu-
racy such that the area in and around the intraparietal sulcus
is activated more strongly by correctly remembered items than
correctly rejected items (Wagner et al., 2005). Finally, overlap-
ping medial PPC (precuneus) activations are reported during
assorted episodic memory tasks tapping associative memory,
autobiographicalmemory and episodic future thinking (reviewed
in Addis et al., 2007; Buckner and Carroll, 2007; Cabeza and
St. Jacques, 2007; Burgess et al., 2011; for recent findings see
also: Burianova et al., 2010; St. Jacques et al., 2011; Addis et al.,
2012).
EPISODIC MEMORY AFTER PPC LESIONS
Traditionally, clinicians do not associate memory loss with pari-
etal damage. Indeed, one of the classic texts on PPC function
has chapters on visual, tactile, spatial, language, and body-image
deficits (Critchley, 1953). Indeed, the well-known British neu-
rologist MacDonald Critchley referred to memory deficits after
PPC damage exclusively in terms of impaired spatial imagery
(Critchley, 1953). However, there was some indication that
patients with parietal damage and hemispatial neglect could have
visual (Butters et al., 1970) or auditory memory deficits (Heilman
et al., 1974) for stimuli presented in the neglected field con-
tralateral to the lesion. In these studies, stimuli were presented
to either the intact or neglected hemifield and after a delay, mem-
ory performance was tested. Performance for stimuli presented
in the neglected field was worse than for stimuli in the intact
field. VerbalWMdeficits were also associated with nonspecific left
hemisphere damage in patients with aphasia (Warrington et al.,
1971; De Renzi and Nichelli, 1975). One difficulty with these ear-
lier findings is the perceptual confound—if a stimulus was not
attended due to neglect, performance in memory tasks would
also be impaired. Secondly, in many patient-based studies there
was a lack of anatomical specificity to describe the location of
lesions. Consequently, it remained unclear whether there were any
subtle memory deficits associated with PPC damage, per se. The
increased use of neuroimaging has largely solved the problem of
precisely defining the lesion location.
In one more recent case implicating the PPC in episodic mem-
ory a closed head injury caused damage to bilateral occipital
and the right PPC in a 19-year-old man, patient D.H. (Hunkin
et al., 1995). In spite of high-normal intelligence, patient D.H.
was able to spontaneously remember only one autobiographi-
cal event occurring prior to the accident. Other events had been
retold to him, but he claimed that they were not accompanied
by a sense that of having personally experienced the events.
Semantic information detailing his youth had been relearned and
was normal. D.H. did not have anterograde deficits, meaning
he had no difficulty retrieving autobiographical events occur-
ring after his accident. In short, his memory deficit was limited
to autobiographical events before his brain damage. Deficits in
autobiographical memory have been found in several other stud-
ies. Davidson and colleagues report the case of patient S.M.
who had surgery to remove a tumor in the left parietal lobe
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Table 1 | Summary of neuropsychological investigations of non-spatial episodic and working memory.
Authors Lesion location Type of memory Test Memory deficits
1. Berryhill et al., 2007 Bi PPC (EE555: lateral IPL,
angular gyrus; TQ591: L IPL,
precuneus, R SPL)
Autobio LTM AMI, Levine Spontaneous autobio
retrieval
2. Berryhill et al., 2010a Bi PPC* Episodic future
thinking
Imagine future Fewer episodic details
3. Davidson et al., 2008 L PPC (lateral, IPL, SPL) Autobio LTM Autobio; DRM Fewer details; Impaired
recollection and subjective
experience
4. Drowos et al., 2010 Bi PPC* LTM Visual/verbal DRM Fewer false alarms
5. Vuilleumier et al., 2002 R PPC w/neglect (mixed
cortical and white matter)
LTM Object Impaired explicit memory for
contralaterally presented and
extinguished items
6. Berryhill and Olson, 2008b R PPC (IPL and SPL) WM Object, location, and
conjunction Recognition
Recognition
7. Berryhill and Olson, 2008a Bi PPC* WM Recognition/Recall Recognition
8. Maldonado et al., 2011 L PPC (IPL) WM Unclear One case of WM impairment
after resection
9. Berryhill et al., 2011 Bi PPC* WM/LTM Recognition/Recall Recognition when blocked;
Recall when rehearsal was
prevented
PPC PATIENT STUDIES SHOWING INTACT MEMORY
10. Milner, 1968 Uni PPC (L, R IPL, SPL) LTM Recognition memory Intact face/pattern memory
11. Satoh et al., 2011 R PPC (IPL) LTM Daily memory (Rivermead),
Verbal memory
Musical anhedonia
12. Simons et al., 2008 Uni PPC (L, R, IPL, SPL) LTM Source memory –
13. Simons et al., 2010 Uni (L, R, IPL, SPL, Bi PPC*) LTM Source memory Reduced confidence
For a table of spatial memory deficits please see Olson and Berryhill (2009).
Entries in italics indicate null findings with regard to memory or WM deficits.
Abbreviations: Bi PPC, bilateral posterior parietal cortex; R, right; L, left; DRM, Deese–Roedigger–McDermott (Deese, 1959; Roediger and McDermott, 1995);
Autobio, autobiographical memory; LTM, long term memory; AMI, autobiographical memory interview (Kopelman et al., 1989); Levine, Levine autobiographical
memory interview (Levine, 2004); ∗, see Row 1.
(Davidson et al., 2008). S.M. volunteered that her autobiograph-
ical memories did not seem to be accompanied by a sense of
having experienced the event herself. However, her memory
impairment was broader than that observed in D.H. She was
also impaired on the paired-associates subtest of the Wechsler
Memory Scale (Wechsler, 1997) and she had low confidence in
other memory tasks.
We were able to test two rare patients with bilateral pari-
etal damage in a series of episodic and WM studies, including
tests of autobiographical memory. The primary deficit associated
with bilateral parietal lesions is simultanagnosia, a component of
Balint’s syndrome (Balint, 1909). Simultanagnosia is the inabil-
ity to attend to more than one object at a time. In other words,
patients are only able to report the presence of a single item
at any moment. Not surprisingly, this piecemeal visual experi-
ence renders global percepts of visual scenes impossible. Although
both patients had bilateral damage, their lesions were largely
non-overlapping. TQ591 had both bilateral IPL and right SPL
damage as well as left precuneus involvement and EE555 had
more lateral and inferior lesions in the IPL. We administered two
autobiographical memory tests (Kopelman et al., 1989; Levine
et al., 2002). The first test (Kopelman et al., 1989) emphasized
semantic knowledge for different epochs in time, and here the
PPC patients performed relatively normally. In the second test
(Levine et al., 2002) participants freely recalled events from sev-
eral time points. These descriptions were followed by a series of
specific probe questions to elicit additional details related to each
retrieved memory. The two bilateral PPC patients, EE555 and
TQ591, were able to freely recall memories, but they were impov-
erished and significantly lacked details when compared to control
participants. However, they performed normally when specific
probe questions were provided. This pattern of deficits revealed a
dissociation between spontaneous and guided memory retrieval
that was inconsistent with a global memory impairment. These
data demonstrated that PPC damage impaired patients’ abilities
to spontaneously and vividly retrieve memories, but absent details
could be accessed when memory retrieval cues provided support
(Berryhill et al., 2007).
We later tested, whether these two bilateral PPC patients
were impaired at describing future events. This type of task is
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referred to as “episodic future thinking,” or “constructed expe-
rience” and it is thought to tap episodic memory retrieval to
anticipate the outcome of events yet to happen. Neuroimaging
studies of episodic future thinking and autobiographical memory
identify overlapping activity in frontoparietal networks (reviewed
in Addis et al., 2007; Buckner and Carroll, 2007; Hassabis and
Maguire, 2007). We used a paradigm similar to the autobiograph-
ical memory paradigm described above (Levine et al., 2002).
Verbal prompts cued participants to describe future events (e.g.,
“Imagine you are meeting a friend for lunch”) replicating an
approach used with amnesic patients (Hassabis et al., 2007).
Performance was measured using text analyses that tallied the
numbers of freely reported details. There were also measures of
subjective experience in which participants were asked to rate
how present and salient the imagined events felt and the overall
quality of the conjured experienced. Our results showed that the
two bilateral PPC patients were impaired in their ability to envi-
sion richly detailed future events (Berryhill et al., 2010a). More
precisely, the bilateral PPC patients’ responses were significantly
lower than those of controls for measures of spatial integration
and overall quality. Somewhat surprisingly, given previous indica-
tions that PPC lesions can reduce a sense of subjective experience,
the bilateral PPC patients did not rate their sense of presence or
salience significantly lower than healthy controls. Here, again, was
evidence of a restricted deficit in episodic memory. Constructed
experience has been evaluated in at least one other patient
group with parietal-area damage. Patient participants with diffuse
axonal injury were tested on constructed memory and this perfor-
mance was correlated with damaged areas as identified through
diffusion tensor imaging (Kondo et al., 2010). In these patients
PPC damage (inferior IPL) correlated with performance on the
constructed memory task (Kondo et al., 2010).
The autobiographical and constructed experience findings
from the patients with bilateral PPC lesions used similar free
recall paradigms with similar advantages. One advantage was to
minimize encoding demands since the events occurred prior to
the lesions or could be assembled collage-style from premorbid
occurrences. A second advantage of these studies was that the
instructions were simple and judging from the length of tran-
scripts, people enjoyed participating. Drawbacks of these studies
are that scoring requiring a text analysis that is enormously
time consuming and requires some level of rater subjectivity,
and the bulk of the episodic memory field uses more standard-
ized experimental paradigms. Below, we review the findings from
more commonly used experimental paradigms. Two papers used
the Deese–Roediger–McDermott (DRM) (Deese, 1959; Roediger
and McDermott, 1995) false-memory paradigm to test patient
participants with PPC damage (Davidson et al., 2008; Drowos
et al., 2010). In the DRM paradigm, lists of semantically related
items are presented (e.g., pillow, night, blanket). Next, partici-
pants perform a delayed memory recognition task in which they
make old/new judgments and for old responses they make a
remember/know judgment reflecting whether there was a clear
recollection or a sense of familiarity for the stimulus. The essen-
tial finding is that there is a high false alarm rate to new lure items
that are closely related to a stimulus list (e.g., sleep). The afore-
mentioned patient S.M. performed abnormally, when compared
to control participants by having lower recognition accuracy and
reduced recollection as indicated by significantly fewer remember
responses (Davidson et al., 2008). Her performance also reflected
fewer false alarms to the lure words.We also tested patients EE555
and TQ591 using the visual and verbal versions of the DRM
paradigm (Drowos et al., 2010). As with patient S.M., the bilateral
PPC patients performed abnormally from control participants by
committing fewer false alarms to lure words and by making fewer
remember responses to the false alarms they did make. However,
when we used visual stimuli instead of verbal stimuli, a differ-
ent pattern emerged. Visual DRM studies do not tend to have the
degree of false memories because of the “distinctiveness heuris-
tic” rendering visually presented stimuli more distinctive (e.g.,
Israel and Schacter, 1997). If the PPC damage impaired gist per-
ception due to a deficit in recollection, as proposed by Davidson
et al. (2008) we should have seen the same pattern for auditory
or visual versions of the DRM. The bilateral PPC patients per-
formed more accurately in the visual DRM. However, EE555 was
unable to take advantage of the distinctiveness heuristic and she
maintained the same level of false memories across both versions
of the DRM. EE555’s remember/know responses support the idea
that she was less confident in her memory, though, as she made
only a few remember responses. It is also important to note that
the bilateral PPC patients did not have a general problem with
gist information. They performed normally when recounting the
thematic memory for short stories, although again, they reported
fewer details than control participants (Drowos et al., 2010).
Memory impairment for learning paired-associates has been
tested in unilateral and bilateral PPC patient populations
(Davidson et al., 2008; Berryhill et al., 2009). In a set of three
paired-associates experiments testing the bilateral PPC patients,
we found that they were not impaired on the memory retrieval
aspect of a word pair task (Giovanello et al., 2006), linking vari-
able amounts of information with items in a fan task (Radvansky,
2005), or at learning audio/visual pairs. In the word pairs and
audio/visual pairs tasks response confidence was measured in
two different ways: using the remember/know procedure and as
a numeric (1–6) rating, respectively. The PPC patients’ numeric
confidence ratings were significantly lower than the control par-
ticipants in the audio/visual task, but the number of remember
responses was no different from controls in the word pairs exper-
iment (Berryhill et al., 2009). We concluded that the PPC patients
had reduced confidence in their responses.
Several researchers have conducted investigations looking at
sourcememory, the ability to retrieve specific details of the encod-
ing stage. For example, a source memory task may require you
to remember whether you heard the news on the radio or on
the television. There are several findings reporting normal source
memory in patients with PPC damage (Ally et al., 2008; Simons
et al., 2008, 2010). First, Simons and colleagues selected partici-
pants with unilateral parietal damage in areas that overlap with
fMRI brain activations observed during source memory tasks
(Simons et al., 2008; for relevant findings see also Duarte et al.,
2011). At encoding, participants were shown words or pictures
and for each item they were asked to judge whether the item was
pleasant/unpleasant or from entertainment/politics. At test, par-
ticipants had to remember which judgment they had made for
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each stimulus. The patients performed normally on the source
memory judgment. Subsequently, Simons et al. (2010) conducted
a series of three source memory tasks in unilateral and bilat-
eral PPC patients (including bilateral PPC patients EE555 and
TQ591). Here, participants heard sentences presented in a male
or female voice. At test, they indicated whether the sentence was
old or new, rated their confidence and then judged whether the
original voice had been male or female and finally, how confi-
dent they were in their response. All participants and patients
performed the old/new recognition task normally and had nor-
mal confidence ratings. There were no group differences in the
source judgment task either. However, the bilateral PPC patients
had significantly lower confidence in their source judgments. A
follow-up experiment using visual stimuli found the same disso-
ciation between normal source memory accuracy accompanied
by impaired confidence. Davidson et al. (2008) found a similar
dissociation in patients with unilateral PPC damage. He presented
words with definitions in visual or auditory domains and later
asked participants to retrieve the sensory domain at encoding
and to make remember or know responses. While the patients
performed accurately when performing the source memory judg-
ment, they made significantly fewer remember responses. This is
evidence that recollection confidence declines after PPC damage.
One last study tested both unilateral right and left PPC patients
in a recognition memory paradigm. Haramati et al. (2008) pre-
sented participants with pictures, sounds, and words and asked
for preference ratings at encoding. Later, participants performed
a delayed recognition test. Only the right PPC patients had any
deficits, and these were limited to poor recognition for pictures
and sounds, but not words (Haramati et al., 2008). Tempering this
finding were voxel-based analyses of lesion location and perfor-
mance suggested that the overlap in right frontal regions, rather
than parietal cortex, predicted memory deficits.
ROLE OF THE PPC IN EPISODIC MEMORY
The above findings present nuanced rather than global mem-
ory deficits. Where medial temporal lobe amnesics have dramatic
memory impairments, PPC patients have modest deficits. The
data described above has been used to support several different
mechanisms of PPC involvement in episodic memory. Wagner
et al. (2005) described three separate proposals, attention to
internal representations, output buffer, mnemonic accumulator,
that have been very helpful springboards for neuropsychological
researchers. A fourth proposal is the cortical binding of relational
activity (CoBRA) theory (Shimamura, 2011). Finally, Davidson
et al. (2008) developed an alternative view, the subjective experi-
ence hypothesis. These views are discussed below.
ATTENTION TO INTERNAL REPRESENTATIONS
The initial proposal implicated the PPC in directing attention
to the mental representation of a memory. A related elabora-
tion, the attention to internal memory (AtoM: Cabeza, 2008;
Cabeza et al., 2008) proposed a distinction between sponta-
neously retrieved memories and deliberately sought memories
akin to the distinction between bottom-up and top-down atten-
tion. Here, the proposal identifies the role of the IPL is involved
in bottom-up guided, spontaneous retrieval, whereas the SPL is
responsible for top-down directed, effortful retrieval. This view
accounts for findings in PPC patients with more inferior lesions
who show normal performance when memory cues are provided
(intact top-down retrieval) and impaired performance when they
must retrieve the memory on their own (impaired bottom-up
retrieval). This perspective has been criticized in a large fMRI
meta-analysis that failed to reveal an inferior/superior subdivision
based on whether the retrieval event was mediated by top-down
or bottom-up attention (Hutchinson et al., 2009). However, at
least one fMRI finding identifies IPL activations during bottom-
up retrieval of a paired associate and SPL activations during
top-down retrieval. Furthermore, these neuroimaging findings
extended to PPC patients with IPL and SPL lesions (Ciaramelli
et al., 2010).
EPISODIC OR OUTPUT BUFFER
This explanation proposes that the PPC serves as one module
within the multimodal model of memory called the episodic
buffer (Baddeley, 2000). The episodic buffer is hypothesized to
maintain sensory and mnemonic information in a common “lan-
guage” or representation. It may serve as a sort of Esperanto
for the brain. The information in the buffer is thus available
for manipulation and is closely related to WM function. This
view cannot account for the finding that associative memory for
audio/visual pairs remains intact (Berryhill et al., 2009), because
multimodal storage is necessary for these types of tasks. Secondly,
this explanation predicts that PPC patients should have poor
performance in tasks asking for narrative structure, such as the
autobiographical or constructed experience tasks (Berryhill et al.,
2007, 2010a). However, although lacking rich details, the patients
provide accounts with intact and appropriate narrative structure.
MNEMONIC ACCUMULATOR
This proposal suggests that PPC neurons register an index sig-
naling memory retrieval status and that when this index passes
threshold, participants would endorse an item as old. In other
words, this proposal endows the PPC with the ability to measure
memory strength. A prediction of this hypothesis is that memory
decision-making would be impaired after PPC damage. However,
PPC patients do not have general memory deficits as would be
predicted if they had difficulty interpreting a missing or damaged
index of memory strength. Instead the deficits that emerge tend
to relate to memory confidence even when memory accuracy is
intact (Haramati et al., 2008; Berryhill et al., 2009; Drowos et al.,
2010).
CORTICAL BINDING OF RELATIONAL ACTIVITY (CoBRA)
Shimamura recently proposed that the ventral PPC interacts
with the prefrontal cortex and medial temporal lobe and cre-
ates a cortical network of the details related to an episodic
memory (Shimamura, 2011). According to CoBRA, medial tem-
poral lobe regions form associations at encoding, but through
consolidation the vPPC becomes more important for reacti-
vating, or to use their term “re-collecting,” the ensemble of
relevant episodic details. CoBRA predicts that there should be
greater vPPC activity when memories contain greater multi-
modal details because their retrieval requires more cross-cortical
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links of feature information. A second prediction is that the
vPPC should be more involved when the retrieval process relies
more on recollection than familiarity. A potential challenge for
CoBRA is the finding that patients with PPC lesions perform
normally at source memory tasks (Simons et al., 2008, 2010).
However, Shimamura suggests that these types of source mem-
ory tasks may not be sufficiently multimodal to require vPPC
activity. A second potential problem is that patients with bilat-
eral parietal damage perform normally at associative learning
tasks even those that require multimodal pairings (Berryhill et al.,
2009).
SUBJECTIVE EXPERIENCE
This view puts forth the idea that the PPC signals the per-
ceived oldness of an event. In essence, this distinguishes between
something vividly retrieved versus something vaguely recalled.
Proponents suggest that damage to this processing explains find-
ings of reduced confidence in PPC patients’ memories across
various paradigms (Hunkin et al., 1995; Ally et al., 2008; Davidson
et al., 2008; Berryhill et al., 2009; Drowos et al., 2010; Simons
et al., 2010). However, reduced memory confidence is not uni-
versal and the subjective experience account does not currently
predict why some memory tasks are accompanied by reduced
memory and others are not.
Our own view has been to create a hybrid of two existing
proposals: the subjective experience and attention to internal rep-
resentations (Berryhill et al., 2009; Drowos et al., 2010). The
advantage for this merger is that it includes a role for the PPC
in strategically accessing and attending to the full set of details
associated with a particular event. It also includes the function of
assessing the vivid richness ofmemories to account for the deficits
in memory confidence. In other words, when the PPC is dam-
aged, patients may not be able to fully reactivate the full assembly
of stored details to revivify the event. This would lead to impover-
ished recollections and a reduced sense of re-experiencing a past
event.
PPC ANDWORKING MEMORY
In cognition, WM is a core executive function that allows us
to maintain information over short delays. Neurophysiological
data provided the first indications that neurons in the PPC were
involved in maintaining WM representations. Recordings from
non-human primates indicated that PPC neurons, in addition
to the prefrontal cortex, maintained their activity after during
the delay period when there were no stimuli available (e.g.,
Chafee and Goldman-Rakic, 1998, reviewed in Constantinidis
and Procyk, 2004; Rawley and Constantinidis, 2009; for work in
rodents see review by Bucci, 2009).
It may strike some as disjointed to pair episodic memory
with WM given the fact that these two topics reside in dif-
ferent literatures. Others make the case quite clearly that it is
difficult to develop tasks that precisely test episodic or WM
alone (Cowan, 2008). In disentangling the interplay of medial
temporal, prefrontal, and PPC structures in various forms of
memory, it is important to look at WM. The traditional division
between episodic and WM was established by classic neuropsy-
chological research in medial temporal lobe amnesia patients
(e.g., Scoville and Milner, 1957). However, recent findings sug-
gests that amnesics have abnormal WM performance even at
short delay intervals (Warrington and Taylor, 1973; Ryan and
Cohen, 2004; Ranganath and D’Esposito, 2005; Hannula et al.,
2006; Olson et al., 2006a,b; Ezzyat and Olson, 2008; but see
Baddeley et al., 2010). For example, medial temporal lobe amnesic
patients were less accurate and slower when remembering a single
face over a 1 s delay interval (Ezzyat and Olson, 2008). These find-
ings point toward greater interactions between episodic memory
and WM than was previously appreciated (see also: Ranganath
et al., 2005; Jonides et al., 2008; Graham et al., 2010).
In addition, a series of high-impact findings in the fMRI litera-
ture indicated that PPC activations reflected the number of items
maintained in WM (Todd and Marois, 2004, 2005; Xu and Chun,
2005). In these studies, the IPL, specifically the intraparietal sul-
cus, showed parametric increases in activity up to the behavioral
WM capacity limit. In the ERP literature, a similar finding, the
contralateral delay activity, also underscored the importance of
posterior regions in WM maintenance (reviewed in Drew et al.,
2006). The prediction from these neuroimaging data was clear:
PPC damage should lead to WM deficits.
PPC DAMAGE ANDWM
The majority of WM studies in neuropsychological patients with
PPC lesions test performance in spatial WM tasks. This is due
to the association of parietal cortex with spatial attention. Spatial
WM impairments have been reported in patients after lesions
to the right hemisphere (De Renzi and Nichelli, 1975; De Renzi
et al., 1977; Hanley et al., 1991; Kessels et al., 2000; Postma
et al., 2000), left PPC (Baldo and Dronkers, 2006), and right PPC
(Husain et al., 2001; Malhotra et al., 2004, 2005, 2009; Pisella
et al., 2004; Ravizza et al., 2005; Finke et al., 2006). As noted
previously, earlier neuropsychological studies were unable to pro-
vide more detail regarding the anatomical boundaries of their
patients’ lesions due to a lack of brain imaging. A number of
these studies tested spatial WM using the Corsi block-tapping
task (Corsi, 1972) in which participants echo a sequence of taps
across different locations as demonstrated by the experimenter
(see Olson and Berryhill, 2009 for a summary of the spatial WM
findings).
A few reports using other paradigms confirm a spatial WM
deficit following right PPC damage. For example, in a population
of unilateral right PPC patients with hemispatial neglect, WM
deficits were observed across eye movements (Vuilleumier et al.,
2007). The patient participants were impaired at remembering
the spatial arrangement of stimuli in a spatialWM task where par-
ticipants judged the location of a single target across a 2–3 s delay.
When the task required eye movements during the delay period,
a spatial WM deficit emerged only when gaze was redirected from
left (neglected hemifield) to right (intact hemifield).
Other reports using different paradigms confirmed that WM
could be impaired in patients with unilateral right PPC lesions
who did not have neglect. In a series of tasks testing spatial,
object and spatial-object conjunction WM, patients with right
PPC lesions demonstrated a general WM deficit across spatial
and non-spatial WM tasks (Berryhill and Olson, 2008b; but
see Pisella et al., 2004). WM was tested using a recognition
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paradigm in which a probe image appeared after the mainte-
nance period and participants judged whether the probe had
appeared in the memory set or whether it was new. The man-
ner by which WM was tested proved to be important. When
object or order WM was tested using recognition bilateral PPC
patients replicated the general WM deficit, but when WM was
tested using recall, WM performance was normal (Berryhill and
Olson, 2008a). This pattern of behavior extended beyond visual
WM to aurally presented verbal stimuli (Berryhill et al., 2011).
These findings seemed to point strongly toward PPC involve-
ment in WM retrieval, since the WM deficits were associated
with recognition rather than recall performance. However, these
studies had used separate blocks of recall and recognition WM
trials. The separation of tasks had been deliberate to keep the
instructions simple.When recall and recognition trials were inter-
mingled so that the retrieval demands were unpredictable, the
bilateral PPC patients performed normally in both WM tasks
(Berryhill et al., 2011). These data showed that the PPC damage
did not eliminate the ability to make recognition WM judgments,
but it did do something to patients’ recognition performance
when they knew they were going to be asked to make recognition
judgments.
The distinction between recall and recognition WM perfor-
mance may also guide the interpretation of several other find-
ings in patients with bilateral PPC damage. First, two patients
with bilateral PPC damage were able to accurately name the
type of biological motion shown in point-light displays (Huberle
et al., 2009). We also observed accurate identification of bio-
logical motion using point-light displays in EE555 (Berryhill
andOlson, unpublished observations). This observation indicates
that bilateral PPC damage does not entirely eliminate the ability
to integrate multiple objects over time and argues against a gen-
eral WM deficit. Since naming point-light displays requires recall
responses, these findings are consistent with the successful perfor-
mance on the recall WM tasks described above. Second, in a series
of verbal whole report WM experiments, patient GK showed that
he was able to recall more than a single item, but he required a
significantly greater amount of time to perform WM tasks and
to process information in general (Duncan et al., 2003). These
authors interpreted their findings in terms of the Theory of Visual
Attention (Bundesen, 1990; Bundesen et al., 2005, 2011) to sug-
gest that the primary deficit was in processing speed. Although
patients frequently require more time to process information it
does not explain the difference in performance between recall
and recognition WM trials. Finally, several papers have tested the
importance of spatial factors in PPC patients’ performance. The
spatial separation between local elements in Navon letter stimuli
modulates patients’ performance such that they do better at iden-
tifying the global letter when the local items are closer together
(Huberle and Karnath, 2006) or when the stimuli bias processing
to intact parvocellular responses along the ventral visual stream
(Thomas et al., 2012). Control participants perform similarly to
bilateral PPC patients when their gaze was restricted (Dalrymple
et al., 2010). These last findings provide added evidence that
WM deficits after PPC lesions are subtle. This highlights the
question of determining what the role of the PPC in WM
might be.
One recent paper attempted to answer this question by exam-
ining WM deficits as a function of PPC subregion. Nature
does not follow anatomical boundaries in lesion patients, which
makes it difficult to parse anatomical distinctions. However,
Koenigs et al. (2009) tested WM in a large number of patients
with superior PPC or no superior PPC damage. They tested
these populations on subcomponents of the Wechsler Memory
scale (Wechsler, 1997). They found that damage to the SPL
was impaired specifically when the tasks demanded manip-
ulation rather than passive maintenance. For example, they
found that WM performance was normal in the forward
digit span task but abnormal in the backward digit span task
(Koenigs et al., 2009). These findings serve as an important
start in matching the more specific clusters of activity reported
in fMRI findings with the disparate PPC damage in patient
findings.
ROLE OF THE PPC IN WM
There are several hypothesized roles for PPC involvement inWM.
The nature of these views is strongly shaped by the weighting of
the data from the researcher’s experimental approach. In other
words, the starting point of the investigators influences the set
of findings they emphasize. In a previous review, we described
three proposals: informationmanipulation, information load and
retrieval process (Olson and Berryhill, 2009). These views will
be briefly noted below with the addition of a new proposal, the
internal attention hypothesis.
INFORMATION MANIPULATION
One possibility is that the PPC, in particular the SPL is
involved in manipulating information stored in WM. Several
neuroimaging studies report increased superior parietal activa-
tions only when manipulation is required. Tasks requiring this
kind of manipulation include spatially reordering stimuli based
on cues (Wendelken, 2008), reordering the sequence of stimuli
(Marshuetz et al., 2000; Wager and Smith, 2003; Marshuetz and
Smith, 2006), or performing mental mathematical calculations
(Dehaene et al., 1999, 2004). Additional support for this view
comes from recent neuropsychological data showing impaired
WM in patients with superior PPC damage only (Koenigs et al.,
2009). The TMS literature provides complementary evidence
with data showing that stimulation to superior PPC regions does
not disrupt performance in a simple spatial WM task (recall or
recognition), whereas TMS to the dorsolateral prefrontal cor-
tex did impair WM (Hamidi et al., 2009). Several groups have
reported that stimulating the superior PPC, particularly the
right parietal lobe, improves reaction times in spatial WM tasks
(Hamidi et al., 2008; Yamanaka et al., 2009).
One criticism of the information manipulation hypothesis is
that PPC activations are observed in fMRI studies of WM tasks
without manipulation demands (e.g., Todd and Marois, 2004,
2005; Xu and Chun, 2005, 2007; Schluppeck, 2006; Xu, 2007).
This raises the question of the relationship between fMRI and
other experimental techniques. A second criticism is that some
sources of evidence seem to show TMS effects in WM tasks
that do not require information manipulation, for example TMS
speeding reaction times after SPL stimulation in simple WM
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tasks (Hamidi et al., 2008). However, it is important to note
that depending on the paradigm, TMS may be facilitatory or
inhibitory.
PURE STORAGE AND RETRIEVAL PROCESS HYPOTHESES
The finding that the WM retrieval task, recall or recognition,
predicted intact, or impaired WM performance is inconsistent
with the information load interpretation (Berryhill and Olson,
2008a; Berryhill et al., 2011; see also Berryhill et al., 2010b).
This pattern was observed across several visual stimulus sets
(tools, color patches, novel shapes, colorized Snodgrass draw-
ings) (Berryhill and Olson, 2008a,b) and verbal stimuli (auditory
words) (Berryhill et al., 2011). In each case the WM mainte-
nance demands were the same, yet the performance differed.
These data led us to propose PPC involvement in WM retrieval
(Berryhill and Olson, 2008a,b; Olson and Berryhill, 2009). This
explanation had the added benefit of fitting well with patients’
selective deficits in episodic memory (Berryhill et al., 2007,
2011). This appealingly parsimonious explanation is no longer
able to account for all of the neuropsychological findings and
we have moved toward an internal attention account, described
below.
INTERNAL ATTENTION
Unpredictable retrieval demands restore WM performance on
recognition tasks in patients with bilateral PPC lesions (Berryhill
et al., 2011). What explains the previous findings showing WM
deficits forWM trials probed by recognition (Berryhill andOlson,
2008a; Berryhill et al., 2011)? We suspected that it had to do
with differences in strategy when trials were intermingled rather
than in separate blocks of recognition and recall WM trials.
Accordingly, one role of the PPC, specifically bilateral IPL, is
to maintain attention on items in WM to keep these represen-
tations from decaying. This process, sometimes referred to as
attentional refreshing, refers to a recycling in and out of the atten-
tional focus (Cowan, 1999; Chein, 2003; Barrouillet and Camos,
2009; Bledowski et al., 2009; Lewandowsky et al., 2009; Chein and
Fiez, 2010). Importantly, this process is hypothesized to occur as
a default material-general process, meaning it will update infor-
mation currently in the focus of attention. When the focus of
attention shifts to another item in WM items will begin to decay
until the item returns to the focus. In addition there are active
material-specific processes, such as the visuospatial buffer and
phonological loop that maintain items in WM. Thus, during
recall or interleaved blocks of trials, the material-specific main-
tenance mechanisms successfully support WM performance in
patients with PPC damage presumably due to reliance on intact
frontal structures. However, when there are blocks of recogni-
tion trials, PPC disruption caused by brain damage (Berryhill and
Olson, 2008a,b; Berryhill et al., 2011) or tDCS (P4 stimulation)
(Berryhill et al., 2010b) prevents successful attentional refreshing.
Recent neuroimaging supports the view that strategy influences
encoding related activations in frontoparietal regions at least in
change detection tasks (Linke et al., 2011). Because participants
have relied on thisWMmaintenance strategy and failed to supple-
ment it with material-specific processes, their WM performance
suffers.
This hypothesis makes the prediction that WM tasks requir-
ing recall responses should not rely on the PPC whereas WM
tasks requiring recognition responses should rely on PPC activ-
ity. There is some fMRI evidence supporting this prediction. The
PPC is selectively activated during WM tasks probed by recog-
nition but not during those probed by recall (Chein and Fiez,
2001, 2010; Chein et al., 2011). In these studies, Chein and col-
leagues are some of the few researchers to compare activity across
different WM retrieval demands. Their data show that the SPL
responds in a domain-generalway such that it is strongly activated
during verbal or spatial WM tasks during the encoding, mainte-
nance and coordination phases. In short, the PPC is involved in
a strategic manner during WM tasks. However, further work is
needed to clarify the relative contributions of IPL and SPL regions
to WM.
CHALLENGES AND CONTINUATION
The present review examined deficits in episodic memory and
WM after PPC damage. Of course, it is important to remember
that the neuropsychological approach has a series of limitations.
As noted in the introduction, patient participants have lesions
that damage multiple brain regions and subregions of the PPC.
The lack of specificity in documenting structure-function asso-
ciations is certain to be frustrating to researchers accustomed to
other research methods such as fMRI. The cross-region lesion
becomes more difficult to interpret as more functional subdi-
visions of the PPC are identified by newer techniques such as
resting state and functional connectivity (Vincent et al., 2006,
2008; Nelson et al., 2010; Uddin et al., 2010; Zhang and Li, 2012)
and dynamic causal modeling (Ma et al., 2011). These techniques
also provide a new way of evaluating training regimes by evaluat-
ing changes in connectivity after training (Takeuchi et al., 2010).
The resolution to differences between the fMRI and neuropsy-
chological realm may be best addressed using neurostimulation
techniques to temporarily lesion specific subregions of the larger
PPC territory.
A second area where neuropsychology is silent is the phase or
timecourse of PPC involvement. There are a number of exper-
iments investigating PPC contributions during each phase(s) of
memory (encoding, maintenance, or retrieval). Recent findings
investigating episodic memory explore involvement during the
phases of encoding (Wimber et al., 2010; Uncapher et al., 2011),
maintenance (Buchsbaum et al., 2011), and retrieval (Xue et al.,
2010; Seibert et al., 2011; Sestieri et al., 2011). Related findings
exist for WM encoding (Tseng et al., 2010; Linke et al., 2011;
Ravizza et al., 2011), maintenance (Todd and Marois, 2004; Xu
and Chun, 2005; Ikkai and Curtis, 2011; Lepsien et al., 2011),
and retrieval (Oztekin et al., 2009). Further advances from neu-
rophysiology highlight additional factors such as the hemifield in
determining WM capacity and fidelity (Buschman et al., 2011).
Again, neurostimulation may be key to disentangling the tem-
poral aspects of PPC involvement in various forms of mem-
ory while avoiding concerns related to cortical reorganization.
Furthermore, patient participants may be in poor general health
or on medications that affect cognition. Yet, in spite of these
limitations, the neuropsychological approach is a powerful tool
that raises provocative questions. Undoubtedly, recent and future
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findings using diffusion tensor imaging, functional connectiv-
ity, dynamic causal modeling, neurostimulation, even genetics,
as well as fMRI and EEG, will prompt new questions to investi-
gate in patient populations. In this sense it remains “early days”
in understanding PPC contributions memory.
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